C ardiac resynchronization therapy with defibrillator (CRT-D) can improve functional status, morbidity, and survival in select populations of patients with heart failure, reduced left ventricular ejection fraction (EF), and QRS prolongation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Accordingly, clinical guidelines recommend CRT-D in patients with symptomatic heart failure, left ventricular EF ≤35%, and a wide QRS complex. 13 However, the extent to which the efficacy of CRT-D in randomized clinical trials translates into effectiveness in clinical practice is unknown.
which the landmark randomized trials included relatively young, predominantly male populations with few comorbid conditions. In the Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION), 6 the first randomized trial to demonstrate the efficacy of CRT-D, median age was 66 years and 67% of participants were men.
Given the differences in demographic characteristics and coexisting illnesses often seen in patients with heart failure in clinical practice, it is unclear whether the benefits and safety of CRT-D demonstrated in clinical trials reflect outcomes in a broader population of older patients, women, patients in minority racial or ethnic groups, and patients with moderate prolongation of QRS duration. We examined associations between CRT-D and mortality and readmission among patients with heart failure who received CRT-D in clinical practice compared with potentially eligible patients who received medical therapy alone.
Methods

Data Sources
We obtained clinical data from 2 registries, the Acute Decompensated Heart Failure National Registry (ADHERE) and the National Cardiovascular Data Registry's Implantable CardioverterDefibrillator (ICD) Registry. ADHERE was established to study the characteristics, treatments, and inpatient outcomes of patients hospitalized with acute decompensated heart failure. More than 185 000 patients from ≥300 community and academic centers were enrolled between January 2001 and March 2006. 17 The ICD Registry, an initiative of the American College of Cardiology Foundation and the Heart Rhythm Society, became the official repository of ICD implantation data for Medicare beneficiaries in April 2006 and is used in >1400 hospitals in the United States. 18 Both registries include demographic characteristics, medical history, and discharge medications, as well as clinical and procedural information.
To analyze long-term follow-up data, we obtained research-identifiable files for all fee-for-service Medicare inpatient claims and the corresponding denominator files for 2000 through 2010 from the US Centers for Medicare & Medicaid Services. These files contain encrypted identifiers that allow for longitudinal follow-up of Medicare beneficiaries. The inpatient files contain hospital claims covered under Medicare Part A and include service dates and diagnosis and procedure codes. The denominator files include patient demographic characteristics, information about Medicare eligibility and enrollment, and death dates if applicable. We linked records from both registries to the Medicare inpatient files using methods described previously. 19 After linking the data, we used Medicare beneficiary identifiers to obtain subsequent events for beneficiaries with eligible hospitalizations.
Study Cohort
We used the ICD Registry to identify patients who received CRT-D, and we used ADHERE to identify a comparison group of patients who did not receive CRT-D during the hospital stay. We included patients from the ICD Registry who were admitted between April 1, 2006, and December 31, 2009, and underwent CRT-D implantation during the hospital stay. To ensure comparability with the ADHERE population, we only included patients from the ICD Registry who were admitted primarily for heart failure and not specifically for the device implantation. We excluded patients who received CRT-D for secondary prevention or had an epicardial lead placement. We included patients from ADHERE who were admitted between January 1, 2002, and March 31, 2006, and did not receive an ICD during the hospital stay. We excluded patients from ADHERE who underwent defibrillation during the admission.
From both registries, we included patients who were ≥65 years, were enrolled in fee-for-service Medicare for ≥12 months before the index admission, were discharged alive but not to a skilled nursing facility or hospice, and did not leave against medical advice. We also required that the patients have QRS duration ≥120 ms and EF ≤35%, consistent with guideline recommendations. 13, [20] [21] [22] We also required that patients not have a previous implantation of a cardiac device, previous cardiac arrest, myocardial infarction in the previous 40 days, or revascularization during the admission. For patients with multiple eligible hospitalizations, we selected the earliest as the index hospitalization.
Treatment
The treatment of interest was CRT-D as recorded in the ICD Registry.
Outcomes
The outcomes of interest were death, all-cause readmission, and cardiovascular readmission after the index hospitalization. We analyzed noncardiovascular readmission in a post hoc analysis. We determined all-cause mortality on the basis of death dates in the Medicare denominator files. We determined all-cause readmission on the basis of new nonelective Medicare inpatient claims, excluding the index hospitalization claim, transfers to or from another hospital, and admissions for rehabilitation ( We defined the remaining readmissions as noncardiovascular. The follow-up period for all outcomes was 3 years after discharge from the index hospitalization.
Covariates
We used the registries to identify patient demographic characteristics (age, sex, and race), medical history (atrial fibrillation/flutter, cerebrovascular disease, chronic lung disease, diabetes mellitus, hypertension, ischemic heart disease, previous myocardial infarction, and renal failure dialysis), laboratory test results and vital signs (blood urea nitrogen, EF, left bundle-branch block, QRS duration, serum creatinine, serum sodium, and systolic blood pressure), and discharge medications (angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker, β-blocker, digoxin, and diuretic). We used inpatient claims to identify the urgency of the index admission and hospital admissions for a primary diagnosis of heart failure (International Classification of Diseases, Ninth Revision, Clinical Modification diagnosis code 428.x, 402.x1, 404.x1, or 404.x3) in the 6 months before the index hospitalization. We used Hierarchical Condition Category (HCC) codes derived from inpatient claims in the 12 months before the index hospitalization to identify protein-calorie malnutrition (HCC 21), dementia (HCC 49, 50), disability (HCC 100-102, 68, 69, 177, and 178), major psychiatric disorders (HCC 54-56), and chronic liver disease (HCC 25-27). These variables have independent prognostic value for modeling mortality and readmission after a heart failure hospitalization.
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Statistical Analysis
We describe the baseline characteristics of the study population using proportions for categorical variables and means with SDs for continuous variables. We tested for differences between treatment groups using χ 2 tests for categorical variables and Wilcoxon rank-sum tests for continuous variables. We report observed event rates by treatment group. For mortality, we used Kaplan-Meier methods to calculate event rates and log-rank tests to assess differences between groups. For readmission end points, we used the cumulative incidence function to calculate event rates and Gray tests to assess differences between groups. The cumulative incidence function accounts for the competing risk of mortality, which is high in this population. 25 We censored data for patients who did not experience an event at the earliest of 3 years after discharge, the end of the period for which data were available (December 31, 2010), or the date on which the patient's data were no longer available because the patient enrolled in a Medicare managed care plan. We treated death as a competing risk for readmission.
We used Cox proportional hazards models to estimate the riskadjusted association between CRT-D and each outcome. In addition to an indicator for receipt of CRT-D, the model included all of the covariates described above, except left bundle-branch block, which was only available for the CRT-D group. We report hazard ratios (HRs) and 95% confidence intervals (CIs) based on robust SEs to account for clustering of patients by hospital. For the main analysis, we used α≤0.05 to determine statistical significance.
We also estimated the risk-adjusted association between CRT-D and each outcome in prespecified subgroups based on age, sex, race, QRS duration, presence of atrial fibrillation, and receipt of optimal medical therapy. We defined optimal medical therapy as receipt of a β-blocker and either an angiotensin-converting enzyme inhibitor or an angiotensin II receptor blocker in the absence of contraindications, as defined by guidelines for ICD and CRT during the study period. 21, 26, 27 We estimated risk-adjusted associations for each subgroup by adding a subgroup variable and an interaction term between this variable and the CRT-D indicator to the models. We assessed differences in the strength of the treatment-outcome association between subgroups by testing the significance of the interaction term. We calculated estimates of the association within each subgroup using model contrasts. Because of the multiple comparisons in the subgroup analysis, we used α≤0.01 to establish statistical significance and we report 99% CIs.
In a secondary analysis, we applied the methods used in the primary analysis to a propensity-matched cohort. 28 The propensity score treatment model was fit as a logistic regression model with receipt of CRT-D as the dependent variable and demographic (age, sex, and race) and clinical characteristics (atrial fibrillation/flutter, cerebrovascular disease, chronic lung disease, diabetes mellitus, hypertension, ischemic heart disease, previous myocardial infarction, renal failure dialysis, protein-calorie malnutrition, dementia, disability, major psychiatric disorders, chronic liver disease, blood urea nitrogen, EF, QRS duration, serum creatinine, serum sodium, systolic blood pressure, and admission urgency) as covariates. Using greedy matching techniques, we matched comparison patients 1:1 to treated patients on the linear predictor from the treatment model with calipers equal to 0.2 SD of the linear predictor distribution. We used standardized differences to check the distribution of patient characteristics for balance. To estimate the association of CRT-D with each outcome, we used Cox proportional hazards models with an indicator for receipt of CRT-D as the only covariate.
We used SAS version 9.2 (SAS Institute Inc, Cary, NC) for all analyses. The Institutional Review Board of the Duke University Health System approved the study.
Results
The final study population included 4471 patients from the ICD Registry and 4888 patients from ADHERE (Figure 1 ). When compared with historical controls, the CRT-D group was slightly younger and had more men and white patients (Table 1) . CRT-D recipients were more likely to have atrial fibrillation, hypertension, previous hospitalization for heart failure, or previous myocardial infarction, and they had a longer mean QRS duration and a lower mean EF. Discharge medications also differed between groups: patients who received CRT-D were more likely to receive β-blockers, less likely to receive digoxin, and more likely to be on an angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker and a β-blocker. Table 2 shows the unadjusted outcomes within 1, 2, and 3 years after the index hospitalization. Patients who received CRT-D had a lower cumulative incidence of mortality, all-cause readmission, and cardiovascular readmission than historical controls. Slightly <40% of patients who received CRT-D died within 3 years of the index hospitalization when compared with 59% of those who did not (P<0.001). Differences were similar but less pronounced for all-cause and cardiovascular readmission. Within 3 years, 81% of patients who received CRT-D had a readmission from any cause when compared with 84% of those who did not (P<0.001). Similarly, 59% of patients who received CRT-D had a cardiovascular readmission when compared with 67% of those who did not (P<0.001). There were no significant differences in noncardiovascular readmission rates. After adjustment for demographic and clinical characteristics, the risks of 3-year mortality, all-cause readmission, and cardiovascular readmission were significantly lower 
Discussion
In the largest registry of patients with heart failure in the United States who received CRT-D and a control group of patients who were potentially eligible for CRT-D but did not receive it, CRT-D was associated with lower rates of mortality, all-cause readmission, and cardiovascular readmission. Although the study population was older and had greater comorbidity than participants in the landmark clinical trials, the magnitude of risk reduction associated with CRT-D was similar. CRT-D was also associated with lower mortality in prespecified clinical subgroups. There is little evidence of the effectiveness of CRT-D in clinical practice in the literature. To our knowledge, ours is the first study to estimate the clinical effectiveness of CRT-D compared with medical therapy among Medicare beneficiaries.
Real-world evidence is important for CRT-D because almost one third of patients in the landmark trials were randomized only after successful device implantation, potentially inflating the benefits and underestimating the risks of the therapy. 29 Real-world evidence can be difficult to generate for therapies, such as CRT-D, for which eligibility criteria include information not routinely collected in relevant clinical registries. QRS duration is critical for identifying patients eligible for CRT, and ADHERE was the only heart failure registry we found with high-quality data on QRS duration on all patients, not just those who received a device. However, ADHERE completed data collection months before the ICD Registry was initiated, and the use of a historical control group can be problematic. General improvements in health and outcomes over time tend to favor contemporary patients over historical controls and inflate effectiveness estimates for a contemporary therapy. However, 1-year mortality among Medicare beneficiaries hospitalized for heart failure has been stable, 30 and available therapeutic options for chronic heart failure did not change during the study period. Similar to other studies, which have demonstrated improvements over time in the use of and adherence to medical therapy, such as β-blockers, [31] [32] [33] patients in ADHERE had lower rates of β-blocker use and optimal medical therapy than patients in the ICD Registry. Similarly, differential use of aldosterone antagonist therapy might be expected, but data for this class of medications were unavailable in the ICD Registry.
COMPANION, the first major trial to compare CRT alone and CRT-D to medical therapy, found that both CRT and CRT-D reduced the primary outcome of death or cardiovascular hospitalization but only CRT-D provided a survival advantage (ie, 36% relative risk reduction in death). 6 After COMPANION, the US Food and Drug Administration approved the use of CRT-D. Subsequent studies reported relative risk reductions in death from 22% to 36%. [7] [8] [9] [10] [11] [12] The consistency of findings across trials and in our analysis supports current guideline recommendations for CRT-D in patients with symptomatic heart failure, left ventricular EF ≤35%, and prolonged QRS duration. 13 We also found that CRT-D was associated with lower risks of all-cause and cardiovascular readmission, consistent with previous research. 6, 11 Because the risk reductions was dramatic, we performed a post hoc analysis of noncardiovascular readmission to account for factors that were different in the 2 populations. The adjusted risk of noncardiovascular readmission for CRT-D versus no CRT-D was 0.87. Although this reduction is modest and less than the cardiovascular readmission risk, it was not surprising. Heart failure may contribute to noncardiovascular readmission but may not be the main factor, so effectiveness is less. For example, a patient with chronic lower-extremity edema may be admitted for noncardiovascular causes, such as cellulitis. Also, CRT would not be expected to modify some causes of readmission, such as cancer.
In post hoc analyses of trial data, subgroup results by QRS duration have led to mixed conclusions. In the Cardiac Resynchronization in Heart Failure (CARE-HF) trial, which compared CRT plus pacemaker with medical therapy, there was no heterogeneity in the effect of CRT by QRS duration (120-159 versus ≥160 ms) on outcomes. [7] [8] [9] In contrast, newer trials that broadened the indication of CRT-D to patients with mild heart failure suggested a significantly more beneficial effect of CRT for death or heart failure events among patients with QRS duration ≥150 ms when compared with patients with QRS duration of 120 to 149 ms. [10] [11] [12] 34 In our study, the effect of CRT versus medical therapy differed significantly by QRS duration for all-cause and cardiovascular readmission but not for mortality. For readmissions, patients with QRS duration ≥150 ms exhibited greater benefit of CRT when compared with patients with QRS duration of 120 to 149 ms.
Our findings suggest that black patients benefit as much as patients of other races, further emphasizing the importance of reducing racial disparities in the use of CRT-D. 35, 36 Moreover, we observed similar benefits between men and women. In contrast, recent clinical trial findings suggest that women may benefit more than men 37 although differences in patient characteristics may have contributed to outcome differences by sex. Finally, patients aged 65 to 80 years and those aged ≥80 years seemed to benefit from CRT-D compared with medical therapy alone.
Our study has limitations. We used historical comparators from ADHERE, selecting patients who met eligibility requirements for CRT-D. We maximized the comparability of the groups through careful sample restriction and adjustment for measured confounders, but residual confounding is possible. The use of 2 registries with slightly different data definitions may have further increased the likelihood of confounding. Finally, the data were derived from clinical registries linked with fee-for-service Medicare claims. Registry data were collected by medical chart review and depended on the accuracy of documentation and abstraction, and the results may not be generalizable to Medicare beneficiaries in managed care or younger patients. Generalizability is further limited by our exclusion of 90% of patients in the ICD Registry and 50% of patients ADHERE to create comparable groups and improve internal validity.
In conclusion, CRT-D was associated with lower rates of mortality, all-cause readmission, and cardiovascular readmission among patients with heart failure in clinical practice, including patients with QRS duration ≥120 ms and in subgroups defined by race and sex.
